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Abstract: In electrical power systems, shunt reactors control excess reactive power, keeping
voltage levels within acceptable limits. As shunt reactors play a crucial role in the operation
of electrical systems, it is essential to ensure the use of modern and fast protection schemes
for these devices. Furthermore, protection functions must be capable of identifying various
fault conditions, including critical operating situations such as turn-to-ground and turn
faults, involving only a few short-circuited turns. This paper proposes a comparative
evaluation of protection schemes commonly employed by manufacturers to meet the
requirements of different grid codes. Thus, the investigation encompasses restricted earth
fault, directional, differential, and distance functions. The latter is typically cited as a
backup protection function. To support the analyses conducted, an electrical power system
with shunt compensation was modeled in the ATPDraw software version 7.3. Through this
platform, various internal fault conditions were simulated, encompassing turn-to-ground
and turn faults. This facilitated the analysis of the influence of parameters such as the
leakage factor value and the number of short-circuited turns. Additionally, external fault
conditions were evaluated, including cases involving Current Transformer (CT) saturation.

Keywords: shunt reactor protection; turn-to-ground faults; turn faults; protection functions;
parametric sensitivity analysis; ATPDraw simulations

1. Introduction
1.1. Motivation

Electric Power Systems (EPSs) play a crucial role in modern society by providing the
electricity needed to power homes, industries, and essential services. As global energy
demand continues to rise, the efficient and reliable operation of EPSs becomes increasingly
important. These systems must function within defined operational limits, such as voltage,
frequency, and thermal constraints, to ensure stability and avoid equipment damage [1].

Additionally, EPSs are subject to environmental regulations aimed at reducing green-
house gas emissions and minimizing the ecological impact of energy generation and
transmission [2]. This means that modern power systems must not only work efficiently
but also meet environmental standards [3].

Grid operators prioritize the safe and reliable operation of power systems to prevent
blackouts and ensure uninterrupted service. They constantly monitor and control system
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parameters to maintain the balance between electricity supply and demand while respecting
technical and environmental constraints. One key technology that aids in voltage regulation
and system stability is the shunt reactor. Shunt reactors are connected in parallel with
transmission lines to absorb excess reactive power, counteracting the capacitive effects
of long lines, particularly under low-load conditions [4]. Shunt reactors can be fixed or
variable, allowing dynamic adjustments to meet changing network conditions, making
them a critical component in modern power system management.

This necessity underscores the importance of deploying robust protection schemes
capable of promptly identifying various fault types, including phase-to-phase faults, which
occur when there is a short circuit between two phases; phase-to-ground faults, where
one phase comes into contact with the ground or a grounded structure; turn-to-ground
faults, which happen when a turn of a winding in a transformer or machine connects
to the ground, often causing localized damage; turn faults, which involve short circuits
between turns of the same winding and can lead to overheating and equipment failure;
and three-phase faults, which are the most severe and involve a short circuit between all
three phases [5].

While turn-to-ground and turn faults can also occur in other electrical equipment such
as transformers, motors, and generators, this study focuses specifically on analyzing turn
faults in shunt reactors. Consequently, the models and analyses presented are exclusively
related to this type of equipment. Among the commonly employed protection functions for
shunt reactors are differential elements, sequence overcurrent, sequence directional, and
Restricted Earth Fault (REF) elements [6]. Although distance functions have traditionally
been used as backup protection [7], recent research highlights their potential as primary
protection mechanisms for reactors, offering an alternative approach to enhance fault
detection and system reliability.

1.2. Related Work

Several studies have addressed the challenges of fault detection in shunt reactors,
particularly in identifying turn-to-ground and turn faults, which often generate negligible
fault currents. Li et al. [8] and Uriondo et al. [9] explored methodologies to enhance the
sensitivity of detection schemes, proposing novel approaches to tackle the minimal current
variations associated with these faults. Similarly, in [10,11], the authors emphasize the
need for advanced algorithms to detect interturn faults that traditional schemes struggle to
identify due to the inherent limitations of differential and REF elements.

Expanding on this work, Mohammad et al. [12] and Almeida et al. [13] investigated
the use of alternative protection functions, such as directional and sequence-based methods,
to improve fault detection accuracy in reactors. These studies demonstrated promising
results, particularly in scenarios with a high leakage factor or minimal short-circuited turns,
where conventional methods prove inadequate. Furthermore, in [14], the authors provide
insights into applying distance functions for fault detection, illustrating their reliability in
precisely capturing critical fault conditions.

A turn-to-turn internal fault detection approach was presented in [15] for three-phase
wye-connected shunt reactors. In this case, the authors used a time-domain approach
sensitive to low-level faults. The unbalanced component is determined by the difference
between the measured current and the balanced current in each phase. To obtain the
balanced component, the zero-sequence component is subtracted from the phase current
calculated in the time domain. Under normal operating conditions of the shunt reactor, the
unbalanced current is zero, whereas it becomes nonzero in the presence of an internal fault.
Since the phase current is derived from the terminal voltage and the equivalent inductance
of each phase, the proposed method remains effective even when system voltage changes.
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Zhang et al. [16] implemented finite element simulation models applied to dry-type
air core shunt and series reactors. The authors simulated short-circuit faults at various
winding layers and positions, thoroughly examining how interstrand and interlayer short
circuits affect the equivalent resistance, impedance, and power factor of the reactors. The
findings reveal that series reactors are considerably more sensitive to interturn short circuits
than shunt reactors, particularly when faults occur at the winding ends. Furthermore, the
study shows that interstrand short circuits have a greater impact on electrical parameters
than interlayer short circuits.

A detailed analysis and simulation of turn-to-turn faults in shunt reactors, including
the algorithms for their detection, was developed in [17]. In this case, the authors present
an equivalent circuit model for a shunt reactor, designed to represent faults involving a
small number of short-circuited turns. The study explains why conventional differential
relays fail to detect turn-to-turn faults effectively. To address this limitation, three detec-
tion algorithms were proposed and evaluated under simulated internal fault conditions.
These methods rely on zero-sequence reactance, negative-sequence reactance, and phase
impedance. The authors also present a detailed assessment of the sensitivity and reliability
of each proposed approach.

Turn-to-turn faults create very small changes in the currents and voltages that the
relay measures, and therefore, their detection has been a challenging task for engineers.
Zhang et al. [18] presented a new algorithm for detecting turn-to-turn faults in shunt
reactors. Such an approach uses the negative sequence and the positive sequence voltage
and current measurements to develop a differential scheme to sensitively detect internal
faults. The proposed approach is able to identify both the turn-to-turn faults and the faulted
phases simultaneously.

The research by Almeida et al. [19] stands out for its focus on distance function
utilization as the primary protection mechanism. Their findings revealed that distance
functions effectively address the challenges posed by turn-to-ground and turn faults, even
under adverse conditions such as low fault currents and high leakage factors. This work
reinforces the potential of distance functions to enhance reactor protection schemes beyond
traditional backup roles.

1.3. Contributions and Paper Outline

The present study contributes to the existing body of knowledge by proposing a
comprehensive model to evaluate protection schemes for shunt reactors. By leveraging
the mathematical analysis developed for transformers [20], this study adapts the BCTRAN
routine for shunt reactor modeling using the three-phase RL Coupled element in ATPDraw
software. The proposed model considers parameters such as the number of short-circuited
turns and the leakage factor to calculate inductances and resistances under fault conditions.
Unlike previous models, this approach specifically addresses the characteristics of dry-type
air core shunt reactors, ensuring high accuracy in fault simulations.

This paper is organized as follows: Section 2 presents the theoretical frame-
work and operational principles of the evaluated protection algorithms, including REF,
Directional (32Q), Differential (87), and Distance (21) functions. Section 3 describes the
methodology and modeling techniques employed for fault simulations using ATPDraw
software, highlighting the consideration of parameters such as the leakage factor and the
number of short-circuited turns. Section 4 discusses the simulation results, including both
transient and parametric sensitivity analyses, and evaluates the performance of each pro-
tection function under various fault scenarios. Finally, Section 5 concludes the study with
key findings and practical recommendations for enhancing the reliability and efficiency of
shunt reactor protection schemes.
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2. Implementation and Operation of the Evaluated Protection Algorithms
The protection schemes discussed in this section represent algorithms commonly

implemented for reactor protection, as provided by manufacturers to comply with various
grid code requirements. These include the REF function with blocking elements, the
Directional function (32Q), and Differential Protection (87). Additionally, the Distance
function (21), traditionally employed as a backup protection mechanism, is examined.
Notably, recent findings, such as those in [19], highlight its strong performance as a primary
protection solution. The primary aim of this section is to conduct a comparative evaluation
of the effectiveness and operational characteristics of these protection schemes.

2.1. Restricted Earth Fault Function (REF)

In this paper, the REF logic considered is based on the approach described in [21],
which incorporates blocking elements to prevent incorrect REF function operations during
faults that do not involve the ground. The logical framework of the REF algorithm is
illustrated in the block diagram shown in Figure 1, comprising Interlock Element1, Interlock
Element2, a Directional Element, a Nondirectional Element, and the REF TRIP Block.
In particular, as shown in Figure 1, the zero-sequence current Î0 is calculated using the
currents measured by the phase CTs on the terminal side of the phase ( ÎA, ÎB, and ÎC), as
defined in Equation (1). Additionally, the neutral current În is measured by the neutral CT.

I0

Interlock

element 2

I0

Interlock

1element

I I2

BLK1

I0

Directional

element

I0

Nondirectional

element
REF TRIP

BLK2

DIR NDIR

TRIP

n In

In In

Figure 1. Block diagram of REF algorithm.

The inputs to Interlock Element1 are Î0 and În, which are used to determine the
zero-sequence current angle θ0 and the neutral current angle θn, respectively. Within this
block, kREF serves as the adjustment factor for the REF function. If the conditions specified
in Equations (2) and (3) are met simultaneously, the variable BLK1 is activated, taking a
value of 1.

Î0 = ÎA + ÎB + ÎC (1)

|θ0 − θn| > 105◦ (2)

| În| > kREF, |3 Î0| > 0.8 · kREF (3)

For Interlock Element2, the negative sequence current Î2 is used as an input alongside
Î0 and În. It is important to note that Î2 is calculated using the phase currents ÎA, ÎB, and ÎC,
as defined in Equation (4). Within this block, the conditions outlined in Equation (5) are
assessed, and if both conditions are satisfied, the variable BLK2 is activated, taking on a
value of 1.

Î2 =
1
3
( ÎA + a2 ÎB + aÎC) (4)

max(| În, Î0) < 0.1 · |3 Î2|, |3 Î2| > kREF (5)

If at least one of the variables, BLK1 or BLK2, is equal to 1, it indicates the presence
of faults that do not involve the ground. In such cases, the REF function is blocked and
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does not operate for the fault. Conversely, when faults involving the ground occur, the
REF function is enabled and can operate through either the Directional Element or the
Nondirectional Element.

The inputs to both the Directional Element and the Nondirectional Element are Î0

and În. The Directional Element operates when there is sufficient 3 Î0 and the conditions
specified in Equations (6) and (3) are met. When these conditions are satisfied, the variable
DIR is activated and assigned a value of 1. In contrast, the Nondirectional Element is
triggered when there is insufficient 3 Î0 and the conditions described in Equation (7) are
met, resulting in the activation of the variable NDIR, which is then set to 1.

|θ0 − θn| < 105◦ (6)

| În| > kREF, |3 Î0| < 0.8 · kREF (7)

Finally, the REF TRIP Block sends a trip for faults involving ground, if both BLK1 and
BLK2 are equal to 0 and DIR or NDIR is equal to 1.

2.2. Directional Function (32Q)

To identify turn faults, a directional function logic similar to those described in [7,22] is
implemented. The operation of the 32Q function relies on negative-sequence components:
current Î2, voltage V̂2, and impedance Z2. The voltage V̂2 is calculated based on the phase
voltages V̂A, V̂B, and V̂C. The ratio between V̂2 and Î2 defines Z2. Additionally, this function
utilizes the positive-sequence current Î1, which is derived from the currents measured by
the phase CTs installed at the phase terminal side, as shown in Equation (8).

This function can be divided into two elements: the forward directional element (32QF)
and the reverse directional element (32QR). The 32QF element, responsible for detecting
internal reactor faults, operates when the conditions described in Equation (9) are satisfied.
Here, kZF represents the forward impedance threshold, kCF is the current adjustment for
internal faults, and ka evaluates whether the ratio between Î2 and Î1 exceeds the reactor’s
natural unbalance.

Conversely, the 32QR element, which detects external reactor faults, operates when
the conditions described in Equation (10) are met. In this case, kZR represents the re-
verse impedance threshold, while kCR corresponds to the current adjustment for external
faults. Both kZF and kZR are defined in Equation (11), where ZR denotes the impedance of
the reactor.

Î1 =
1
3
( ÎA + aÎB + a2 ÎC) (8)

|Z2| < kZF, |3 Î2| > kCF, | Î2/ Î1| > ka (9)

|Z2| > kZR, |3 Î2| > kCR, | Î2/ Î1| > ka (10)

kZF = |ZR|/2, kZR = kZF + 0.1 (11)

To prevent operation during external faults or energization, the negative-sequence
element can be intentionally delayed, as suggested in [23]. This delay ensures that a trip is
only confirmed if the condition remains active a few milliseconds after its initial detection.
In this study, following the adjustment described in [7], a delay of 1.5 cycles was applied to
the operation of the 32QF element.

2.3. Differential Function (87)

To detect phase faults, this article employs a differential function algorithm that
is similar to the solution described in [24]. This algorithm is implemented on a per-
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phase basis and compares the currents measured by CTA, CTB, and CTC installed on the
phase terminals, with those measured by CTAN , CTBN , and CTCN installed on the neutral
terminals. This setup results in two CTs per phase, as illustrated in Figure 2.

I

0

CTC CTB CTA

CTCN
CTBN CTAN

CTN

RfRf Rg Rh

Lf Lg Lh

RR

CHTT

LL

SCP

CHTG

Figure 2. Reactor modeling with the RL Coupled element.

For each phase, an operating current Iopϕ and a restraint current Iresϕ are determined,
as expressed in Equation (12). Here, ϕ represents phases A, B, and C, while ÎϕN denotes
the currents measured by the CTs installed on the neutral terminals.

Iopϕ = | Îϕ − ÎϕN |, Iresϕ = | Îϕ + ÎϕN | (12)

Once the Iopϕ and Iresϕ currents have been calculated, the 87 function operates when the
conditions described in Equation (13) are met, where Pickup87 and SPL are the adjustment
of the differential function. Once the currents Iopϕ and Iresϕ have been calculated, the
87 function operates when the conditions described in Equation (13) are satisfied. Here,
Pickup87 and SPL represent the settings of the differential function.

Iopϕ > Pickup87, Iopϕ > SLP · Iresϕ (13)

2.4. Distance Function (21)

To detect turn-to-ground and turn faults, this article employs the distance algorithm
described in [19], which is based on an mho phase comparator. Additionally, the sequence
voltage memory filter is implemented to define the memorized voltage for each phase,
which is denoted as V̂mϕ.

Using the positive-sequence voltage memory filter, the operating voltage (V̂opϕ) and
polarization voltage (V̂polϕ) phasors are determined, as shown in Equations (14) and (15),
respectively. Here, V̂ϕ represents the voltage phasor for phase ϕ; h denotes the total
impedance of the reactor expressed as a percentage of the protected zone; θZR is the angle
of ZR; and τ corresponds to the design angle of the mho characteristic, also known as the
maximum torque angle of the relay.

V̂opϕ(k) = −V̂ϕ(k) +
hZR

cos(θZR − τ)
Îϕ(k) (14)
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V̂polϕ(k) = V̂mϕ(k) (15)

The phase comparator analysis is performed based on the angle θϕ, which is de-
termined according to Equation (16). Here, θopϕ represents the angle of V̂opϕ, and θpolϕ

represents the angle of V̂polϕ. For the 21 function to detect the fault, the angle θϕ must be
less than 90◦; otherwise, its operation will be restrained.

θϕ = |θopϕ − θpolϕ| (16)

3. Shunt Reactor Model
Shunt reactors are understood as coils and can be represented by resistors in series

with inductors. In this paper, the shunt reactors were modeled considering the theory
described in [20], which was originally formulated for power transformers. This modeling
approach is valid because power transformers and reactors share similar operating char-
acteristics. Consequently, the mathematical equation presented in [20] can be adapted for
application to reactors and implemented in the ATPDraw software, enabling the analysis
of turn-to-ground or turn faults.

Hence, to simulate turn-to-ground or turn faults in ATPDraw software, the faulted
phase of the reactor is represented through the RL Coupled element, and the remaining
phases of the reactor are composed of an inductance in series with a resistor, as shown in
Figure 2, where SCP is the system connection point, and the CTA, CTB, and CTC are the CTs
on phases A, B, and C, respectively, installed in the phase terminal side. Also, the CTAN ,
CTBN , and CTCN are the CTs on phases A, B, and C, respectively, installed in the neutral
terminal side, and finally, CTN is the neutral CT installed in the neutral reactor.

For nominal conditions, the total impedance of the healthy phase of the reactor, with
100% of turns equal to nT , is formed by the resistance R and the self-inductance L. Further-
more, it should be emphasized that, under normal operating conditions, the switches CHTT

and CHTG remain open such that the three sub-windings are in series, and the sum of their
self- and mutual inductances is equal to the total inductance L of a phase.

In the mathematical formulation considered, for the application of turn faults, the
faulted phase winding (e.g., phase A, as shown in Figure 2) must be divided into three
parts. The first sub-winding, with n f percent of turns, is formed by the resistance R f and
the self-inductance L f ; the second sub winding, with ng percent of turns, is formed by the
resistance Rg and the self-inductance Lg; and the third sub-winding, with nh percent of
turns, is formed by the resistance Rh and the self inductance Lh.

To apply a turn fault in phase A, the CHTT switch must be closed such that the
fault current (IF) flows through the first and third sub-winding, as shown in Figure 3.
Then, the second sub-winding, with number of turns calculated as ng = nT − n f − nh, is
short-circuited so that no current passes by it.

In this model, the fault current is influenced by the leakage factor, which is a constant
that varies from zero to one and measures how much the fault current disperses during a
fault. The higher the leakage factor, the lower the fault current, and therefore, the operation
of the protection function becomes more difficult. The leakage factor depends on the
constructive aspects of the reactor and the percentage of turns involved. Thus, for turn
faults, three leakage factors are considered to represent this fact: α f g, which measures the
coupling between the sub-windings f and g; αgh, which measures the coupling between the
sub-windings g and h; and α f h, which measures the coupling between the sub-windings f
and h. These factors can be calculated using the equations presented in [20].
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SCP
I F

CTACTBCTC

R R Rf

L L Lf

CTCN CTBN CTAN

CTN

CHTT CHTG

Rg Rh

Lg Lh

Figure 3. Representation of turn faults.

Considering the need for a unified model capable of simulating both turn-to-turn
and turn-to-ground faults, with the latter type requiring closing both the CHTG and CHTT

switches. This configuration ensures that the fault current flows exclusively through the
first sub-winding, composed of the series arrangement of R f and L f , to earth to prevent
it from flowing through the other sub-windings, as shown in Figure 4. In this case, the
relation between the sub-winding can be defined as ng = nT − n f , and only the leakage
factor α f h is used.

SCP
I F

CTACTBCTC

R R Rf

L L Lf

CTCN CTBN CTAN

CTN

CHTT CHTG

Rg Rh

Lg Lh

Figure 4. Representation of turn-to-ground faults.
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Furthermore, for both turn-to-ground and turn faults, it is acceptable to disregard the
mutual coupling between the healthy phases and the faulted phase, since normally the
dry-type shunt reactors with an air core are manufactured single-phase and then connected.
Therefore, due to its construction, there is a spacing between the phases, which results in
better insulation between them and, consequently, less coupling.

4. Tests and Results
To perform the comparative evaluation of the protection functions discussed in

Section 2, different operating conditions were simulated using ATPDraw software.
The simulations were based on the power system model illustrated in Figure 5, which

consists of a 500 kV/60 Hz transmission line with a length of 400 km and 60% shunt
compensation. This compensation, represented as the BR elements in Figure 5, is achieved
using two dry-type air core shunt reactors, each with an impedance of 40 + j1718.86 Ω,
installed at both ends of the transmission line.

SL

Local Bus

TC

TPC

DJ

Transmission

Line

SR

Remote Bus

TC

TPC

DJ

Z
SL

Z
SR

BR BR

Figure 5. Evaluated power system model.

For the evaluation of protection functions, the first step involves performing transient
analyses, where the behavior of the protection functions is assessed during transients. Sub-
sequently, parametric sensitivity analyses are conducted, in which the protection functions
are evaluated under a fault steady-state regime. This approach enables the assessment
of the influence of the number of short-circuited turns on the performance of the investi-
gated logic. In both analyses, comparative evaluations were performed to identify which
functions operate under each described condition. In this context, the evaluations were
carried out by analyzing whether a trip signal was issued for each fault condition using
different figures that represent the logical state of the trip variables. The abbreviations
of the implemented functions are shown on the y axis: 21 is the distance function; 87 is
the differential function; REF is the Restricted Earth Fault function; 32QF is the forward
directional element; and 32QR is the reverse directional element.

The x axis represents time in milliseconds for transient analyses. For parametric
sensitivity analyses, the x axis indicates the percentage of turns involved in the fault. Fur-
thermore, to implement the described protection logics, the adjustment values were defined
based on the references cited for each function [19,21,22,24]. These values correspond
to kREF = 0.0013 (equal to 0.06 multiplied by the nominal current per phase divided by
the neutral nominal current and the neutral CT transformation ratio), kCF = kCR = 0.05,
ka = 0.02, Pickup87 = 0.3, SLP = 0.35, and h = 0.9, which was set equal to the reactor
impedance angle. It is noteworthy that, for turn fault simulations, the three leakage factors
were considered equal and labeled as αtt.

4.1. Transient Analyzes

For all scenarios evaluated in the transient analyses, faults were applied at 100 ms, and
their characteristics are described in Table 1. The operating times of the analyzed functions
for each case are presented in Table 2, where an X represents nonoperation.
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Table 1. Features of the evaluated faults for transient analyzes.

Case Description

1 Energization

2 Energization with AG phase-to-ground fault

3 AG Phase-to-ground fault, evolving entire winding

4 AC Phase-to-phase fault, evolving entire winding

5 BC Phase-to-phase fault with
40% of faulted phases short-circuited

6 BC Phase-to-phase fault with
90% of faulted phases short-circuited

7 Turn-to-ground fault with 30%
of turn short-circuited and α f h = 0.7

8 Turn-to-ground fault with 70%
of turn short-circuited and α f h = 0.3

9 Turn-to-turn fault with 20%
of turn short-circuited and αtt = 0.6

10 Turn-to-turn fault with 80%
of turn short-circuited and αtt = 0.8

11 AB Two-phase external fault

12 BT Phase-to-ground external fault

13 ABC Three-phase external fault with
the CT saturation of three phases

14 AT Phase-to-ground external fault with
the CT saturation of phase A

Table 2. Protection function operating time in milliseconds.

Case t21 t87 tREF t32QF t32QR

1 X X 16.70 X X
2 1.07 0.03 1.07 25.03 X
3 1.07 1.07 0.03 25.03 X

4 1.07 1.07 X 25.03 X
5 13.58 6.28 X 27.12 X
6 3.16 3.16 X 26.07 X

7 1.07 1.07 1.07 26.07 X
8 2.12 1.07 1.07 26.07 X
9 3.16 X X 26.07 X

10 1.07 X X 26.07 X
11 10.45 X X X 1.07
12 12.54 X X X 4.20

13 15.67 1.07 3.16 X 1.07
14 15.67 1.07 X X 5.24

To evaluate whether the protection functions operated during an energization ma-
neuver, Case 1 was analyzed, where the reactor was energized at 100 ms. For this case,
the behavior of the currents measured at the reactor phase terminals is shown in Figure 6,
which presents the current behavior between 50 ms and 1000 ms. Note that before en-
ergization, the current values were zero. Following energization at 100 ms, the currents
exhibited different values across the phases, resulting in an unbalance that persisted until
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approximately 750 ms. However, after this initial transient state, the currents stabilized and
became balanced in the steady-state regime, as shown in Figure 7, which corresponds to
the time interval between 750 ms and 1000 ms.
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Figure 6. Current performance during energization (Case 1): 50–1000 ms.
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Figure 7. Current performance during energization (Case 1): zoomed-in range between 750 ms and
1000 ms.

As shown in Figure 8, which presents the state variable trips between 100 ms and
1000 ms, the REF element was activated due to the unbalance caused during energization,
where the zero-sequence currents were not zero. In the steady-state regime (after 750 ms),
it is noted that none of the protection functions were activated.

100 200 300 400 500 600 700 800 900 1000

Time (ms)
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Figure 8. Variable TRIP state for Case 1.
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The reactor energization with an AG phase-to-ground fault was evaluated in Case 2,
and the results are presented in Figure 9. It can be observed that all functions operated,
except for the 32QR element, which operated only for external faults. According to Table 2,
the 87 function had the fastest operation, while the 32QF function had the slowest operation
due to the applied delay.

90 100 110 120 130 140 150

Time (ms)

32Q
R

32Q
F

REF

87

21

Figure 9. Variable TRIP state for Case 2.

Based on Table 1, Case 3 corresponds to an AG phase-to-ground fault involving the
entire winding of phase A. The results are presented in Figure 10. Note that all functions
operated, except for the 32QR element, as there was no external fault. According to Table 2,
the REF function had the shortest operating time, while the 32QF function had the longest
operating time due to the implemented delay.
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Figure 10. Variable TRIP state for Case 3.

Based on Table 1, Case 4 corresponds to a phase-to-phase fault involving phases
A and C. The results are presented in Figure 11, where it is observed that REF and 32QR

functions did not operate. This outcome is expected, as these functions are not designed
to operate for internal faults that do not involve ground. According to Table 2, the 21 and
87 functions had the shortest operating times, while the 32QF function had the longest
operating time due to the implemented delay.

Figures 12 and 13 present the results for Cases 5 and 6, respectively, which correspond
to phase-to-phase faults with 40% and 90% of the short-circuited faulted phases, respectively.
Note that functions REF and 32QR did not operate, as these are internal faults that do not
involve the ground. On the other hand, functions 21, 87, and 32QF operated. According
to Table 2, for both Cases 5 and 6, the 87 function had the shortest operating time, while
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the 32QF function had the longest operating time. When comparing Cases 5 and 6, it
can be seen that the operation in Case 6 was faster, as a larger percentage of turns were
short-circuited. Consequently, the fault current was greater, and the protection function
was activated more quickly.
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Figure 11. Variable TRIP state for Case 4.
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Figure 12. Variable TRIP state for Case 5.
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Figure 13. Variable TRIP state for Case 6.

Turn-to-ground faults were evaluated in Cases 7 and 8. In Case 7, with 30% of short-
circuited turns and α f h = 0.7. In Case 8, with 70% of short-circuited turns and α f h = 0.3.
The results in both cases are similar and are illustrated in Figure 14, it is observed that the
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21, 87, REF, and 32QF functions operated. The lack of operation of the 32QR element is
justified, as there was no external fault.
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Figure 14. Variable TRIP state for Case 7 and Case 8.

According to Table 2, we have the following: (1) In Case 7, the 21, 87, and REF
functions had the shortest operating times. (2) In Case 8, the 87 and REF functions had the
shortest operating times. For both Cases 7 and 8, the 87 and REF function had the longest
operating time.

Cases 9 and 10 correspond to turn faults with 20% with αtt = 0.6 and 80% of short-
circuited turns with αtt = 0.8, respectively. The results in both cases are similar and are
illustrated in Figure 15.
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Figure 15. Variable TRIP state for Case 9 and Case 10.

Based on these results, it is observed that the behavior of the functions was similar for
both cases, with only the 21 and 32QF functions operating. According to Table 2, for both
Cases 9 and 10, the 21 function had the shortest operating time, while the 32QF function
had the longest operating time. In these cases, the magnitudes of the currents measured at
the phase and neutral terminals were the same; however, the current phasors were shifted
by 180◦, which explains the nonoperation of the 87 function. Additionally, the REF function
did not operate because these faults do not involve ground.

In order to verify the reliability of the evaluated protection functions, several
cases of external faults were analyzed. For these simulations, the system shown in
Figure 5 was modified so that two identical transmission lines, each 230 km long, were
connected upstream of the local bus. On one of these lines, a three-phase external fault



Energies 2025, 18, 1097 15 of 21

(Case 11) and a BG phase-to-ground external fault (Case 12) were simulated 5 km away
from the local bus. These external faults were intentionally applied close to the reactor;
however, their occurrence should not trigger the reactor protection functions.

The results for the external fault of two phases and the external fault of AG phase
to ground are presented in Figures 16 and 17, respectively. In both Cases 11 and 12, it is
observed that the 32QR function operated as expected, given that these are external faults.
However, and in both cases, the 21 function operated briefly for a few milliseconds. To
prevent this transient operation of the distance function, the reach of the distance zone
(parameter h in Equation (14)) can be reduced. This adjustment prevents the distance
protection from malfunctioning during external faults.
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Figure 16. Variable TRIP states for Case 11.
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Figure 17. Variable TRIP states for Case 12.

Regarding external faults, it is also necessary to evaluate the occurrence of CT satura-
tion, as the combination of these two events can result in incorrect protection operation. In
this context, Case 13 was simulated, representing an external three-phase fault that led to
the saturation of the three CTs installed on the phase terminal side (indicated in Figure 2 as
CTA, CTB and CTC). Furthermore, Case 14 was simulated, corresponding to an external
AG phase-to-ground fault that caused saturation of CTA, as indicated in Figure 2.

The results of Cases 13 and 14 are shown in Figures 18 and 19, respectively. In both
cases, it is observed that the 32QR functions operated as expected, as they correspond to
external faults. In Case 13, the 87 element failed, while in Case 14, the 59 element did not
operate correctly. During these two external faults, the 21 and 87 functions were active for
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a few milliseconds. To prevent this transient operation of the distance function, the reach
of the distance zone (parameter h in Equation (14)) can be reduced, thus avoiding distance
protection malfunctions during external faults.

Lastly, regarding the performance of the 21 function, it is important to emphasize that
although this function exhibited transient operation during the simulated external faults,
an evaluation of its operating time revealed that tripping would require more than 10 ms to
occur. Within this interval, the external fault would most likely be cleared, meaning that the
21 function would not actually trip, even temporarily. Therefore, it can be concluded that
immediately after the fault occurs, the 21 function remains inactive, ensuring the secure
operation of this protection function.
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Figure 18. Variable TRIP states for Case 13.
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Figure 19. Variable TRIP states for Case 14.

4.2. Parametric Sensitivity Analyzes

To assess the influence of the number of short-circuited turns on the performance
of protection functions, parametric sensitivity analyses were employed. These analyses
allow for the consideration of this variation, enabling more comprehensive evaluations. For
turn-to-ground faults, the number of short-circuited turns ranges from 1% to 99%, while for
turn faults, it ranges from 1% to 98%. Across the evaluated cases, a total of 591 faults were
simulated in the parametric sensitivity analyses, with their characteristics summarized
in Table 3.
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Table 3. Features of the evaluated faults for parametric sensitivity analyses.

Case Type of Fault Leakage Factor

15 Turn-to-ground α f h = 0.01
16 Turn-to-ground α f h = 0.5
17 Turn-to-ground α f h = 1.0

18 Turn-to-turn αtt = 0.01
19 Turn-to-turn αtt = 0.5
20 Turn-to-turn αtt = 1.0

Cases 15, 16, and 17, which correspond to turn-to-ground faults, presented the same
results and are illustrated in Figure 20. Functions 21, 87, REF, and 32QF operated regardless
of the number of turns involved or the leakage factor value.
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Figure 20. Variable TRIP state for Case 15, 16 and 17

Cases 18 and 19, which correspond to turn faults presented the same results and are
illustrated in Figure 21. It is observed that the 21 and 32QF functions operated regardless
of the number of short-circuited turns.
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Figure 21. Variable TRIP state for Case 18 and Case 19.

In Case 20, which corresponds to turn faults and is illustrated in Figure 22, the leakage
factor was equal to 1.00 (αtt = 1.0), resulting in lower fault currents. Consequently, for
faults involving a small number of short-circuited turns, the performance of the 21 function
was compromised, operating only for faults with more than 14% of short-circuited turns.
In contrast, the 32QF function operated regardless of the number of turns involved.
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Figure 22. Variable TRIP state for Case 20.

Furthermore, in Cases 18, 19, and 20, as these correspond to turn faults, the magnitudes
of the currents measured at the phase and neutral terminals were identical. However, these
phasor currents were shifted by 180◦, which explains the nonoperation of the 87 function.
Finally, similar to what was observed for turn faults in transient analyzes, it is confirmed
that the REF function did not operate in Cases 18, 19, and 20, as these faults do not involve
ground. Furthermore, the 32QR function did not operate in any of the parametric sensitivity
analysis cases because all these faults correspond to internal faults.

4.3. Discussion of Results

Based on the results of the transient and parametric sensitivity analyses, Table 4
summarizes the performance of the analyzed protection functions. The table presents the
results for turn-to-ground faults (referred to as TG faults) and turn-to-turn faults (denoted
as TT faults), where a ✓ indicates operation, and an X represents nonoperation.

Table 4. Summary of operation results.

Function Transient Analyses Parametric Sensitivity Analyses
TG Fault TT Fault TG Fault TT Fault

87 ✓ X ✓ X
REF ✓ X ✓ X

21 ✓ ✓ ✓ with exceptions ✓
32QF ✓ ✓ ✓ ✓

According to the Table 4 and the transient analyses, it is observed that, with the excep-
tion of turn faults, the 87 function operated in all cases. Additionally, the REF function did
not operate for phase-to-phase or turn faults, as these faults do not involve ground. There-
fore, the 87 and REF functions must be used in conjunction with other protection functions
to ensure reliable protection against turn faults. It was also noted that the 21 and 32QF

functions demonstrated the best performance, as they operated correctly in all analyzed
cases of internal faults. The 21 function exhibited the shortest operating time (less than one
cycle), whereas the 32QF function was slower due to the intentional delay implemented to
prevent incorrect operation during transients. Finally, considering all simulated cases, the
32QR function operated exclusively for external faults, and the 21 function maintained its
security, even during external faults accompanied by CT saturation.

From the the Table 4 and the faults evaluated in the parametric sensitivity analyses, it
is observed that the 87 and REF functions operated exclusively for turn-to-ground faults.
Furthermore, it is noted that the performance of the 21 and 32QF functions was quite



Energies 2025, 18, 1097 19 of 21

similar for both turn-to-ground and turn faults. The 32QF function operated regardless
of the number of turns involved or the leakage factor value. Similarly, the 21 function
also operated reliably, except in cases of turn faults with a high leakage factor and a small
number of short-circuited turns.

It is important to emphasize that the results obtained pertain to a dry-type reactor
connected to a transmission line operating at 500 kV and 60 Hz, with 60% shunt compensa-
tion. Given the specific characteristics of the evaluated electrical system, the study presents
certain limitations in its analysis. Therefore, to achieve a more comprehensive assessment
of the analyzed protection functions, it may be beneficial to conduct similar simulations
under different operating conditions, such as varying shunt compensation levels, different
voltage ratings, and reactors with an iron core.

5. Conclusions
This study presented a comprehensive comparative evaluation of protection schemes

for shunt reactors, addressing turn-to-ground and turn faults through transient and para-
metric sensitivity analyses using ATPDraw software. The results highlight the critical
importance of design parameters, specifically the leakage factor and the number of short-
circuited turns, in determining the performance of protection functions. Among the an-
alyzed functions, the functions 21 (distance) and 32QF (directional negative sequence)
demonstrated superior overall performance, reliably operating under all internal fault
conditions regardless of the evaluated parameters. The 21 function stood out for its shorter
operating time, often below one cycle, positioning it as a viable candidate for primary pro-
tection. In contrast, the 87 (differential) function showed limitations in scenarios involving
faults with a small number of short-circuited turns and high leakage factor values, while
the REF (Restricted Earth Fault) function proved ineffective for faults that did not involve
the ground.

Furthermore, the study identified transient misoperations during external faults with
CT saturation, which particularly affected the functions 21 (distance) and 87 (differential).
To address this, it was proposed to adjust the reach of the distance zone (parameter h),
preventing incorrect activations during transient conditions. In general, the results support
the conclusion that the 21 (distance) function, complemented by other traditional protection
functions, can serve as an effective primary protection scheme for shunt reactors. This ap-
proach significantly improves the reliability and efficiency of protection systems, ensuring
robust performance even under challenging fault scenarios. Furthermore, the findings pro-
vide practical recommendations for optimizing the implementation of protection schemes
in real-world power systems, contributing to the safety and stability of electrical networks.
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